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Abstract: We present global ts of an eective eld theory description of real, and
complex scalar dark matter candidates. We simultaneously take into account all possible
dimension 6 operators consisting of dark matter bilinears and gauge invariant combinations
of quark and gluon elds. We derive constraints on the free model parameters for both
the real (ve parameters) and complex (seven) scalar dark matter models obtained by
combining Planck data on the cosmic microwave background, direct detection limits from
LUX, and indirect detection limits from the Fermi Large Area Telescope. We nd that
for real scalars indirect dark matter searches disfavour a dark matter particle mass below
100 GeV. For the complex scalar dark matter particle current data have a limited impact
due to the presence of operators that lead to p-wave annihilation, and also do not contribute
to the spin-independent scattering cross-section. Although current data are not informative
enough to strongly constrain the theory parameter space, we demonstrate the power of our
formalism to reconstruct the theoretical parameters compatible with an actual dark matter
detection, by assuming that the excess of gamma rays observed by the Fermi Large Area
Telescope towards the Galactic centre is entirely due to dark matter annihilations. Please
note that the excess can very well be due to astrophysical sources such as millisecond
pulsars. We nd that scalar dark matter interacting via eective eld theory operators can
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in principle explain the Galactic centre excess, but that such interpretation is in strong
tension with the non-detection of gamma rays from dwarf galaxies in the real scalar case.
In the complex scalar case there is enough freedom to relieve the tension.
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1 Introduction
Overwhelming observational evidence points to the existence of dark matter (DM) , from
Galactic up to cosmological scales [1{4] The most widely discussed and well-motivated
particle DM candidates are weakly interacting massive particles (WIMP), which arise from
some of the most popular extensions of the SM, and naturally lead to the right DM abun-
dance [4].
Well-motivated ultraviolet-complete particle-physics models accommodate good DM
particle candidates in their mass spectrum. This is the case for example of supersymmetric
theory with R-parity conservation [2] or Universal Extra Dimensions theories [5]. On the
other hand, one can adopt a model independent approach that makes minimal assumptions
on the DM particle and its couplings with SM particles. In the framework of Eective
Field Theories (EFT) for particle DM, DM would be the only additional degree of freedom
beyond the SM accessible by current experiments [6]. Therefore, the interactions of the DM
particle with SM particles are described by eective operators (of dimension 6 or higher).
Those can be predictive if the energy scale of the experiment under investigation is lower
than the energy scale of the operator's coecients, while will break down once the energy
scale of the experiment is of the order of the mass of any particle mediating the DM-SM
interactions.
Several detection strategies are applied in order to detect the elusive nature of DM.
Direct detection searches look for the recoil energy of nuclei scattered o by DM particles in
large, underground laboratories. Indirect detection searches aim to detect the nal stable

















above the large astrophysical background. Finally, searches for DM at colliders are based
on the possibility to look for the production of new particles beyond the SM.
EFT have been shown to be able to capture the main features of generic WIMP candi-
dates in their range of validity and being a powerful framework to compare theory against
data. EFT operators have been studied extensively in context of various experiments, see
for example [7{9]. However, in these studies each operator was considered separately to
draw phenomenological implications and detectability prospects. In this work, we present
the rst global analysis of all relevant EFT operators simultaneously in light of the latest
constraints from indirect and direct searches for DM. We perform a Bayesian statistical
scan of the EFT parameter space, as described in section 2, by implementing all the latest
experimental constraints, following an approach similar to that adopted for supersymmet-
ric scenarios in refs. [10{17]. Previously, Balazs et al. [18] presented a similar work with
a full set of EFT operators. Our analysis goes beyond that of ref. [18] in several respects:
we perform a more thorough statistical analysis that addresses the dependence on priors,
and we perform a comparison between prole likelihood and posterior distributions; we in-
clude the contribution from DM-gluon operators that was previously neglected while being
potentially sizeable; we make use of the latest data from the Fermi Large Area Telescope
(Fermi -LAT); and we consider the eect of DM annihilation on the cosmic microwave
background (CMB) anisotropies measured by Planck. Blennow et al. [19] also did a global
analysis of EFT operators, they studied a Dirac fermion DM candidate while in this work
we study a scalar candidate. We do not include collider constraints from the LHC, as these
do not rigorously exist for scalar dark matter, and are typically subdominant to direct
search constraints for the masses of particular interest to us here [20, 21].
This work is organised as follows. In section 2 we describe the theory of EFT operators
we use. In section 3 we describe our statistical approach and computational method, in
section 4 we present the results, and in section 5 we present our conclusions.
2 Eective eld theory operators
We focus on the interactions of DM with quarks and gluons, since these interactions are
currently probed very eciently by so-called `direct detection' experiments, and by searches
for DM production at the LHC. It is relatively straightforward to extend our formalism
to include leptons (e.g. [22]), but we leave such renements for future work. We further
make some well-motivated simplifying assumptions about the nature of the interactions. In
particular, we work in the limit in which the particles mediating the interactions between
the DM, quarks, and gluons are heavy compared to the energies of interest. In that limit,
all theories map into an EFT which encapsulates the interactions of the DM with the





where the coecients i have dimensions of inverse mass to the appropriate power such
that the over-all dimension of L remains four and the Oi are a set of operators consisting of

















Real scalar DM operators
Label Coecient Operator SI hannvi
R1 1  12M2 mq2qq X s-wave
R2 2  12M2 imq2q5q s-wave
R3 3  s4M2 2GG X s-wave
R4 4  s4M2 i2G ~G s-wave
Complex scalar DM operators
Label Coecient Operator SI hannvi
C1 1  1M2 mqyqq X s-wave
C2 2  1M2 imqyq5q s-wave
C3 3  1M2 y@qq X p-wave
C4 4  1M2 y@q5q p-wave
C5 5  s8M2 yGG X s-wave
C6 6  s8M2 iyG ~G s-wave
Table 1. The EFT operators for real and complex scalar DM interacting with quarks and glu-
ons. Also indicated is the mapping for each coecient i to the notation of [7], which operators
contributes to SI, and if hannvi is s-wave or p-wave dominated in the non-relativistic limit.
As a starting point, we focus on the case in which the DM is a single species of
(real or complex) scalar particle that is a singlet under the electroweak symmetry, as this
limits the number of Lorentz structures describing its interactions.1 We restrict our basis of
operators to those which are leading in the sense of being the least marginal at low energies
and which represent the leading structures consistent with the principle of minimal avor
violation (MFV) [25], which dictates that their contributions to avour-changing neutral
currents follows the same CKM structure of the SM itself, mitigating the otherwise extreme
constraints from the null searches for non-SM sources of avour violation. After rotating
the quarks into the mass basis, this eectively results in the quark vector bilinears having
a generation-independent coupling whereas the scalar bilinears are weighted by the quark
mass. The resulting set of operators for real (R) and complex (C) DM are shown in
table 1. Also indicated in the table are the operators which make velocity-unsuppressed
contributions to spin-independent scattering with nuclei (SI) or annihilation (hannvi) in
the non-relativistic limit. Note that the possible annihilation channels for these models
are the kinematically available quarks and gluons. The branching ratios are determined by
the relative strength of the operators. For each individual operator the ratios to dierent
1Our formalism also applies rather simply to the case of fermionic DM, which requires more parameters

















avours (when applicable) are democratic except for the operators weighted by the quark
mass. For these the branching ratios to dierent quark avours do have an m2q dependence,
i.e. the heaviest available is favoured.
While typically an analysis will assume that one operator or another dominates, any
realistic UV model of scalar DM will involve several in concert with related coecients
(see [24, 26{32] for examples). To truly represent the heavy-mediator limit in general, one
must allow for combinations of interactions. Combined with the DM mass, this denes a
parameter set of ve quantities for real DM and seven for complex. This work represents
the rst truly general analysis of the scalar singlet DM parameter space in the EFT limit.
It is also worth mentioning that the EFT description will fail to accurately describe
observables whose typical momentum transfer is large enough to be on the order of the
particles mediating the interaction. Particularly for large momentum transfer processes
such as at the LHC, this implies that limits derived in an EFT context do not apply to
models in which the mediator masses are . TeV [33, 34].
3 Statistical framework
We use highly ecient Bayesian methods to explore the models but we present our results





where D are the data and  are the model parameters of interest. Bayes' theorem states
that the posterior probability distribution function (pdf) p(jD) for the parameters is
obtained from the likelihood function p(Dj)  L() and the prior pdf (or \prior" for
short) p(). In this article we are primarily interested in parameter inference, therefore the
Bayesian evidence p(D) merely act as a normalisation constant, and will not be considered
further in the following analysis.
In order to study the constraints on a single parameter of interest i, one can con-
sider either the one-dimensional marginal posterior, or the one-dimensional prole likeli-
hood. The marginal posterior is obtained from the full posterior distribution by integrating
(marginalising) over the unwanted parameters in the n-dimensional parameter space:
p(ijD) =
Z
p(jD)d1 : : : di 1di+1 : : : dn: (3.2)
On the other hand, the prole likelihood function for i, instead, is found by maximising




The extension of these concepts to more than one parameter is straightforward. The
prole likelihood and the marginal posterior are two dierent statistical quantities that may
lead to dierent conclusions about the parameter space of interest. The marginal posterior

















eects; it peaks at the region of highest posterior mass. The prole likelihood peaks at the
region of highest likelihood. It is oblivious to volume eects, but is an excellent quantity
to nd small regions of high likelihood in parameter space. These two quantities do not
necessarily lead to the same conclusions for non-Gaussian likelihoods, and the maximum
of information about the model parameter space is obtained by studying both of these
quantities. Therefore, in the following we present results for both the marginalised Bayesian
posterior and the prole likelihood.
3.1 Experimental constraints and the likelihood function
The experimental constraints are implemented as a joint likelihood function L with each
component representing dierent contraints.
lnL = lnL
h2 + lnLDD + lnLCMB + lnLdSph + lnLGCE; (3.4)
where L
h2 is the part corresponding to measurements of the cosmological DM relic
density, LDD direct DM detection constraints and LCMB;LdSph;LGCE are from DM indirect
detection constraints. We discuss each component in turn:
lnL
h2 : we apply a Gaussian likelihood taken the Planck CMB data constraint on the
DM relic abundance. We use as central value the result from Planck temperature
and lensing data 
h
2 = 0:1186 0:0031 [36] with a (xed) theoretical uncertainty,
 = 0:012, to account for the numerical uncertainties entering in the calculation of
the relic density.
lnLDD: for DM direct detection we use upper limits from the LUX experiment [37], as
implemented in the LUXCalc code [38]. We adopt hadronic matrix elements deter-
mined by lattice QCD [39, 40]. We use a local DM density of dm = 0:4 GeV cm
 3.
lnLCMB: DM annihilating into ionising particles during the cosmic dark ages will
broaden the last scattering surface of the CMB. This would modify the CMB aniso-
tropies as measured by the Planck satellite. As Planck has not measure any such
eect [41] we can use the data put limits on our models. We use the likelihood as
dened by [42] using the updated analysis from [43].
lnLdSph: as limits from indirect searches for DM, we focus here on limits from gamma
ray observations with the Fermi -LAT. As the arguably most robust limits in indirect
searches, we adopt constraints that were obtained from the non-observation of a
gamma ray signal from a dozen of dwarf spheroidal galaxies. We use here results
from [44], which are based on a combined analysis of six years of Fermi -LAT data,
and take into account uncertainties in the DM content of each dwarf spheroidal. The
results of that analysis were presented as tabulated likelihood functions, which allows
us to apply them to models with arbitrary gamma ray spectra.
lnLGCE: given the excitement about a possible gamma ray DM signal from the Galactic

















the compatibility between this gamma ray excess and a DM annihilation signal as
predicted by our models. To this end, we use the results from [48], which account
for systematic correlated uncertainties related to the subtraction of Galactic diuse
foregrounds along the line-of-sight towards the Galactic centre.
Both the dwarf spheroidal and the Galactic centre likelihoods we have used are conve-
niently packaged in the gamLike2 code.
3.2 Priors
As we are using Bayesian inference we need to provide prior probability distributions
for our parameters. For the DM mass parameter m we consider the typical range
m 2 [1; 1000] GeV advocated for WIMPs, and we adopt a prior uniform on the log of
the quantity, which reecs a state of indierence with regards to the mass scale.
Given a mediator particle with mass M with couplings g1; g2 to the DM and SM





where ki is an operator specic constant. In this way, conditions on the underlying physics
can then translate onto the coecients. The theory has to be perturbative g1g2  (4)2,






The bound's strong dependence on m makes the operator coecients very hard to
scan eciently. We could dene hyperparameters to eliminate the mass dependence, but
together with the unavoidable lower bound, this would introduce a prior preference towards
higher DM masses. Instead we use the fact that, as we shall see later, the constraint from
producing the correct relic density is much more constraining than the theoretical bound.
We therefore simply impose i < 1. There is no physical motivation for a lower bound, so
we conservatively adopt 10 20, since if i = 10 20 then the operators Oi do not contribute
signicantly to any observable.
In order to assess the prior dependence of the posterior, we consider here two dierent
kind of priors to scan over i. We rst consider a prior uniform on the log, i.e. log10 i 2
[ 20; 0]. Then, we dene two hyperparameters: a common energy scale to all operators
A, and the coecients fi such that i = fiA. For A we use a prior uniform on log10A 2
[ 20; 0]. For fi we use a symmetric Dirichlet prior between 0 and 1. The fi determine if
the operator Oi contributes or not; we impose
P
fi = 1 to ensure that at least one operator
contributes, and that the energy scale is actually determined only by A. The symmetric
Dirichlet distributions are parametrised by a single scalar  which determines how the fi's
are distributed. Larger values lead all fi to be similar, while smaller values tend to select
a few large fi. For the prior we use we have  = 0:1. Later when we refer to these two
priors as the Log and Dirichlet prior respectively.


















To map out the posterior and the likelihood we have developed the EFTBayeS package in
which we implemented the Lagrangians of our models in FeynRules [49]. This is then
interfaced with a modied version of MicrOMEGAs v2.4 [50] to compute the relic abundance
of DM and direct and indirect detection rates. The code LUXCalc v1.0.1 [38] has been used
to compute the LUX experiment likelihood and PPPC 4 DM ID [51, 52] tables to calculate
the photon spectrum of DM annihilation products. We have used tabulated values of fe
from [43]. fe is the eciency for DM annihilations to deposit energy into the gas medium
in the cosmic dark ages and is used in the CMB constraint.
For the exploration of the EFT models, the EFTBayeS code uses MultiNest v2.18 [53,
54] nested sampling algorithm. MultiNest is an extremely ecient scanning algorithm
that can reduce the number of likelihood evaluations required for an accurate mapping of
the posterior pdf by up to two orders of magnitude with respect to conventional MCMC
methods. This Bayesian algorithm, originally designed to compute the model likelihood and
to accurately map out the posterior, is also able to reliably evaluate the prole likelihood,
given appropriate MultiNest settings, as demonstrated in [12].
4 Results
In this section we present the impact of aforementioned experimental data on the parameter
space of the real and the complex scalar DM candidates. We rst show the prole likelihood
and posteriors when applying the relic density determination and all current experimental
limits. We then show what happens when we also assume that the Galactic centre excess
is entirely due to the annihilation of our DM candidates. This will serve as an example to
demonstrate the constraining power of an astroparticle detection, when combined with the
relic density constraint.
4.1 Impact of Planck, LUX, and Fermi -LAT
In gure 1 we show the two 2D marginalised posterior and the 2D prole likelihood for both
the real and complex scalar DM candidate in the planes of m and either hannvi or SI.
This is after including all experimental limits in the likelihood, but excluding the Galactic
centre excess. In order to illustrate the dependence of the results on priors, we show the
posterior distribution under the Log and the Dirichlet priors as dened in section 3.2.
We begin with discussing the features of in the hannvi panels. We see that the value
of the annihilation cross-section is quite well-constrained, due to the fact that it is directly
related to the relic density, which is a well measured quantity. For the complex scalar
candidate we have two regions in the posteriors, because the C3 and the C4 operators are
p-wave rather than s-wave as the rest of the operators are (all real scalar operators are
s-wave.) In the lower region it is one of the p-wave operators that dominates, while in the
upper region it is one of the s-wave operators. By a dominating operator we mean that the
corresponding coecient i is large enough to provide the correct amount of relic density
by itself. The dierences we see between the posteriors and the prole likelihood is due to
















7Figure 1. Condence region and credibility regions for real and complex scalar DM candidates
in observable vs mass planes. In the m; hannvi panels we show the 68% contours while in the
m; SI panels we show the 95% contours. This is done for clarity of presentation; the posteriors
in certain regions are fairly at which leads to very noisy contours. The experimental constraints
applied are the relic density of DM, limit on spin-independent scattering cross-section from LUX,
and annihilation cross-section limits from both the Planck CMB measurement, and the stacked
dSph analysis from Fermi -LAT. The dierent posteriors are using dierent priors; the Log prior
and the Dirichlet prior ( = 0:1) as dened in section 3.2.
In the complex scalar case, the values of the annihilation cross-section between the
p-wave region and the s-wave region still have a large prole likelihood as there is at least
one combination of input parameters for which the operator coecients give rise to the
correct relic density. However, as there are not very many of these possible combinations
in the input parameter space, they have a negligible eect on the posteriors.
In the real scalar case the most noticeable dierence between the prole likelihood and
the posteriors are the downward spikes in hannvi when the DM mass is close to a quark
mass. This is a kinematical eect that enhances the cross-section in the early universe

















quarks in the R1/C1, R2/C2 operators. This eect isn't present in today's colder universe
which is why we get the downward spikes in hannvi today. These are tiny, i.e. highly tuned,
regions in the parameter spaces which is why we only see them in the prole likelihood.
The bottom of the two spikes at m  1:3 GeV and 4:7 GeV (i.e. charm and bottom
quark masses) avoid all limits. In fact the only term in the likelihood that has any impact
for m < 5 GeV is the CMB term, whereas the constraining power of the LUX experiment
vanishes as the recoil energies of these low mass DM candidates fall below the detection
threshold. As for Fermi -LAT dSph results, they should have an impact on these region,
but the lowest photon energy (E) considered in the likelihood published by Fermi -LAT
and implement here, is 500 MeV, and for m . 5 GeV the spectra actually peaks below
E = 500 MeV. For m = 5 GeV 75% of the photons has an energy less than 500 MeV,
for m = 1 GeV that number increases to 99%.
3 We strongly suspect that these low mass
regions would be disfavoured in an analysis extended to lower E .
This limitation in the dSph likelihood also explains the existence of slightly favoured
regions seen in the complex scalar prole likelihood maps for m and hannvi in gure 3
below. There is a slight upward uctuation in the low energy bins of the dSph likelihood,
this does not matter for larger m as their spectra is tted against a large set of bins.
However, as stated above, for low m much of the spectra is below the lowest energy bin
of 500 MeV and the importance of the slight upward uctuation is enhanced.
In contrast with the annihilation cross-section the spin-independent scattering cross-
section is only bounded from above by the relic density. This is because not all operators
contribute to SI, which means that as long as one of the non-contributing operators' coe-
cient is large enough to provide the correct relic density, the coecients of the contributing
operators are free to be arbitrarily low. This means that the prole likelihood region actu-
ally extends down to arbitrarily low numbers. This freedom to put the operator coecients
at arbitrary low values is also the reason why the two posteriors dier, i.e. the tails of the
distributions depend on the choice of priors for the operator coecients.
This is easier to understand if we look at the 1D posteriors and prole likelihood in
gures 2 and 3 for real and complex scalar respectively. In the panels for the operator
coecient i we clearly see that the tails are prior dependent. The prole likelihood is
in fact at for low i and following Bayes' theorem (3.1), when the likelihood is constant,
then the posterior simply traces the prior. We note however that the position of the peaks
does not depend on the choice of prior (although the height does, since it depends on the
size of the tails through the normalisation of the posterior) and they tell us that the most
probable solution is when a single operator provides all the DM relic density by themselves.
For the real scalar candidate low masses are eectively disfavoured by Planck, Fermi -
LAT and LUX with the exception of the small regions around 1:3 GeV and 4:7 GeV as
discussed earlier. In the complex scalar case the mass is much less constrained due to the
presence of p-wave operators.
3These numbers do not signicantly depend on the annihilation channel in question. The spectra are

















Figure 2. 1D posterior distributions and prole likelihood of parameters and observables for real
scalar DM. The experimental constraints considered are the relic density of DM, limit on spin-
independent scattering cross-section from LUX, and annihilation cross-section limits from both the
Planck CMB measurement, and the stacked dSph analysis from Fermi -LAT. The dierent posteriors
are using dierent priors; the Log prior and the Dirichlet prior ( = 0:1) as dened in section 3.2.

















Figure 3. 1D posterior distributions and prole likelihood of parameters and observables for
complex scalar DM. The experimental constraints considered are the relic density of DM, limit
on spin-independent scattering cross-section from LUX, and annihilation cross-section limits from
both the Planck CMB measurement, and the stacked dSph analysis from Fermi -LAT. The dierent
posteriors are using dierent priors; the Log prior and the Dirichlet prior ( = 0:1) as dened in

















Best t points for the real scalar DM case
m [GeV] hannvi [cm3s 1] SI [pb] 2GCE (p-value) 2dSph 2
h2
w/ GCE 49.0 1:93 10 26 8:52 10 11 27.74 (0.15) 71.6 0.2
w/o GCE 173.3 2:47 10 28 2:22 10 10 | 66.7 1:5 10 6
Best t points for the complex scalar DM case
w/ GCE 42.6 7:37 10 27 8:30 10 11 28.2 (0.14) 67.56 0.003
w/o GCE 2.76 4:84 10 28 4:82 10 4 | 65.78 0.0008
Table 2. Best t points (i.e. minimal 2) for both the real and complex scalar DM candidates
with and without tting to the Galactic centre excess. The p-values are calculated only using 2
contribution from the Galactic centre excess, under the fairly bold assumption that the test statistic
is chi-squared distributed with 24   3 = 21 degrees of freedom.
4.2 GCE as example of additional measurement
In gures 4 and 5 we show the 1D prole likelihood and posteriors for real and complex
scalar DM candidate when we include an actual measurement in the likelihood, in addition
to the relic density. The measurement we consider is the Galactic centre excess because
it is an actual well-studied measurement, and still compatible with a DM interpretation.
Although a more standard astrophysical interpretation, e.g. in terms of millisecond pul-
sars [56{61], is possible or even probable, we assume here that the excess is fully explained
by our DM candidates.
The impact of including this measurement in the likelihood is drastic. For the real
scalar case only the R2 operator is the possible solution with a m  40{60 GeV, whereas
the R1 and R3 operators are disfavoured because they contribute to the spin-independent
scattering cross-section and are therefore disfavoured by LUX; and the R4 operator favours
slightly lower masses which are excluded by the Fermi -LAT dSph analysis.
In fact, even the R2 operator is in tension with the limit from the dSph analysis, but
it is the least disfavoured operator. If we look closer at the best t point from the scan in
table 2 we see that it is a good t to the excess. However, if we compare with the best t
point when not tting the excess we see that the other data, mainly the dSph, contributes
a 2 = 5:1 which is sizeable. In summary, if one believes the Galactic centre excess is due
to DM annihilation, the tension with the non-detection of gamma rays from dwarf galaxies
would disfavour the real scalar model is excluded as the dark matter candidate.
In the case of the complex scalar candidate, the two additional operators, C3 and C4,
are p-wave operators and thus cannot explain the excess in themselves. They do, however,
relax the connection between the relic density and the annihilation cross-section which
somewhat relieves the tension from the dSph limit. If we look at the best t point for the
complex case in table 2 we again see that it is a good t to the excess. Comparing with
the best t point without the excess we see a 2 = 1:78.
However, the freedom in hannvi also means we can increase the Galactic centre J-
factor in order to lower the annihilation cross-section and still t the excess. The tension

















Figure 4. 1D posterior distributions and prole likelihood of parameters and observables for
real scalar DM when assuming it explains the Galactic centre excess. The additional experimental
constraints considered are the relic density of DM, limit on spin-independent scattering cross-section
from LUX, and annihilation cross-section limits from both the Planck CMB measurement, and the
stacked dSph analysis from Fermi -LAT. The dierent posteriors are using dierent priors; the Log
prior and the Dirichlet prior ( = 0:1) as dened in section 3.2. Posteriors and likelihoods are

















Figure 5. 1D posterior distributions and prole likelihood of parameters and observables for com-
plex scalar DM when assuming it explains the Galactic centre excess. The additional experimental
constraints considered are the relic density of DM, limit on spin-independent scattering cross-section
from LUX, and annihilation cross-section limits from both the Planck CMB measurement, and the
stacked dSph analysis from Fermi -LAT. The dierent posteriors are using dierent priors; the Log
prior and the Dirichlet prior ( = 0:1) as dened in section 3.2. Posteriors and likelihoods are


















In this article we have presented global scans of combined dark matter-parton EFT oper-
ators for both real and complex scalar dark matter, including constraints from cosmology,
indirect, and direct detection experiments. We have produced posterior distributions and
prole likelihood maps of the model parameter spaces, and thus provided a state of the
art, comprehensive, and | more importantly | coherent picture of scalar dark matter.
We have investigate the prior dependency of the posteriors and seen that while the main
features, i.e. peaks, are prior independent the tails of the distributions are decidedly not.
We included a prole likelihood analysis for this very reason, and in doing so we have seen
the complementary nature of marginalising and proling. The marginalised posterior show
us the bulk of probable parameter space while the proled likelihood reveals small patches
still allowed.
From these distributions we see that, of all current experimental results, the relic
density has the greatest impact on the model parameters, as it is an actual measurement
and not a limit. All the operator coecients combined must be just right to provide the
correct relic density. The most common conguration, and therefore the most probable,
is when a single operator dominates and the others are weak. In contrast with the relic
density the null results from LUX, the Fermi -LAT dSph analysis, and the Planck CMB
anisotropy measurement have a somewhat limited impact on the operator coecients.
Instead, they do have eect on the dark matter mass, strongly disfavouring dark matter
masses below 100 GeV.
The direct (LUX) and indirect (Fermi -LAT, Planck) searches each provide important
complementary information. The direct detection experiment allows us to discriminate
between operators that do and do not contribute to the spin-independent scattering cross-
section. The indirect detection experiments similarily allows us to discriminate between
p-wave and s-wave operators. In addition, the indirect detection measurements are the
ones that constrain the m < 10 GeV region. A region which was allowed in earlier work
(i.e. ref. [18]) that omits the indirect constraints.
Small patches survive in this low mass regime where the dark matter mass is around
the charm or the bottom quark mass due to resonance-like eects in the relic density
calculation. These regions could very well be excluded by the Fermi -LAT dSph data if
the publicly available likelihood from Fermi -LAT would be extended to photon energies
below 0:5 GeV.
We also considered the impact of including in our analysis the Galactic centre excess as
signal of dark matter. Although standard astrophysical sources might explain the excess,
such as unresolved millisecond pulsars, we showed the eect of including it in our likelihood
to illustrate the eect of a measurement on the model parameters. The results are dramatic
| a specic mass (40{60 GeV) and operator (R2/C2) are preferred to t the excess. This
region of the parameter space is however in tension with the absence of excess gamma
rays from the Milky Way dwarf spheroidals in the real scalar case. So if one believe the
Galactic centre excess is due to dark matter, then the quite general real scalar DM model

















lower annihilation cross-section and still have the correct relic density. This is achieved by
combining a p-wave operator (C4) and a s-wave operator (C2 and/or C6.)
Our toolchain is model-independent which means that, in principle, extending these
types of combined EFT models | adding non-parton operators, or fermionic dark matter |
or looking a more complete models such as simplied models is as easy as writing down the
Lagrangian. The main caveat being that adding more degrees of freedom without additional
experimental constraints is inadvisable until more informative data become available.
Acknowledgments
G.B. (P.I.) and S.L. acknowledges support from the European Research Council through
the ERC starting grant WIMPs Kairos. F.C. and C.W. (P.I.) are part of the VIDI re-
search programme \Probing the Genesis of Dark Matter", which is nanced by the Nether-
lands Organisation for Scientic Research (NWO). R. RdA, is supported by the Ramon
y Cajal program of the Spanish MICINN and also thanks the support of the Spanish
MICINN's Consolider-Ingenio 2010 Programme under the grant MULTIDARK CSD2209-
00064, the Invisibles European ITN project (FP7-PEOPLE-2011-ITN, PITN-GA-2011-
289442-INVISIBLES) and the \SOM Sabor y origen de la Materia" (FPA2011-29678) and
the \Fenomenologia y Cosmologia de la Fisica mas alla del Modelo Estandar e lmplica-
ciones Experimentales en la era del LHC" (FPA2010-17747) MEC projects. Finally also
thanks to the Severo Ochoa MINECO project: SEV-2015-0398. This work was supported
by Grant ST/N000838/1 from the Science and Technology Facilities Council (UK). R.T.
was partially supported by an EPSRC \Pathways to Impact" grant. The work of TMPT is
supported in part by NSF grant PHY-1316792 and by the University of California, Irvine
through a Chancellor's Fellowship. We gratefully acknowledge the use of the LISA cluster
(Amsterdam).
Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
References
[1] G. Bertone, Particle Dark Matter: Observations, Models and Searches, Cambridge University
Press (2010).
[2] G. Jungman, M. Kamionkowski and K. Griest, Supersymmetric dark matter, Phys. Rept.
267 (1996) 195 [hep-ph/9506380] [INSPIRE].
[3] L. Bergstrom, Nonbaryonic dark matter: Observational evidence and detection methods,
Rept. Prog. Phys. 63 (2000) 793 [hep-ph/0002126] [INSPIRE].
[4] G. Bertone, D. Hooper and J. Silk, Particle dark matter: Evidence, candidates and
constraints, Phys. Rept. 405 (2005) 279 [hep-ph/0404175] [INSPIRE].
[5] G. Servant and T.M.P. Tait, Is the lightest Kaluza-Klein particle a viable dark matter

















[6] M. Beltran, D. Hooper, E.W. Kolb, Z.A.C. Krusberg and T.M.P. Tait, Maverick dark matter
at colliders, JHEP 09 (2010) 037 [arXiv:1002.4137] [INSPIRE].
[7] J. Goodman, M. Ibe, A. Rajaraman, W. Shepherd, T.M.P. Tait and H.-B. Yu, Constraints on
Dark Matter from Colliders, Phys. Rev. D 82 (2010) 116010 [arXiv:1008.1783] [INSPIRE].
[8] J. Goodman, M. Ibe, A. Rajaraman, W. Shepherd, T.M.P. Tait and H.-B. Yu, Constraints
on Light Majorana dark Matter from Colliders, Phys. Lett. B 695 (2011) 185
[arXiv:1005.1286] [INSPIRE].
[9] J. Goodman, M. Ibe, A. Rajaraman, W. Shepherd, T.M.P. Tait and H.-B. Yu, Gamma Ray
Line Constraints on Eective Theories of Dark Matter, Nucl. Phys. B 844 (2011) 55
[arXiv:1009.0008] [INSPIRE].
[10] R. Trotta, F. Feroz, M.P. Hobson, L. Roszkowski and R. Ruiz de Austri, The Impact of
priors and observables on parameter inferences in the Constrained MSSM, JHEP 12 (2008)
024 [arXiv:0809.3792] [INSPIRE].
[11] L. Roszkowski, R. Ruiz de Austri, R. Trotta, Y.-L.S. Tsai and T.A. Varley, Global ts of the
Non-Universal Higgs Model, Phys. Rev. D 83 (2011) 015014 [Erratum ibid. D 83 (2011)
039901] [arXiv:0903.1279] [INSPIRE].
[12] F. Feroz, K. Cranmer, M.P. Hobson, R. Ruiz de Austri and R. Trotta, Challenges of Prole
Likelihood Evaluation in Multi-Dimensional SUSY Scans, JHEP 06 (2011) 042
[arXiv:1101.3296] [INSPIRE].
[13] G. Bertone, D.G. Cerdeno, M. Fornasa, R. Ruiz de Austri, C. Strege and R. Trotta, Global
ts of the cMSSM including the rst LHC and XENON100 data, JCAP 01 (2012) 015
[arXiv:1107.1715] [INSPIRE].
[14] C. Strege, G. Bertone, D.G. Cerdeno, M. Fornasa, R. Ruiz de Austri and R. Trotta, Updated
global ts of the cMSSM including the latest LHC SUSY and Higgs searches and XENON100
data, JCAP 03 (2012) 030 [arXiv:1112.4192] [INSPIRE].
[15] C. Strege, G. Bertone, F. Feroz, M. Fornasa, R. Ruiz de Austri and R. Trotta, Global Fits of
the cMSSM and NUHM including the LHC Higgs discovery and new XENON100 constraints,
JCAP 04 (2013) 013 [arXiv:1212.2636] [INSPIRE].
[16] C. Strege et al., Prole likelihood maps of a 15-dimensional MSSM, JHEP 09 (2014) 081
[arXiv:1405.0622] [INSPIRE].
[17] G. Bertone et al., Global analysis of the pMSSM in light of the Fermi GeV excess: prospects
for the LHC Run-II and astroparticle experiments, JCAP 04 (2016) 037 [arXiv:1507.07008]
[INSPIRE].
[18] C. Balazs, T. Li and J.L. Newstead, Thermal dark matter implies new physics not far above
the weak scale, JHEP 08 (2014) 061 [arXiv:1403.5829] [INSPIRE].
[19] M. Blennow, P. Coloma, E. Fernandez-Martinez, P.A.N. Machado and B. Zaldivar, Global
constraints on vector-like WIMP eective interactions, JCAP 04 (2016) 015
[arXiv:1509.01587] [INSPIRE].
[20] ATLAS collaboration, Search for dark matter candidates and large extra dimensions in
events with a jet and missing transverse momentum with the ATLAS detector, JHEP 04
(2013) 075 [arXiv:1210.4491] [INSPIRE].
[21] CMS collaboration, Search for dark matter, extra dimensions and unparticles in monojet
events in proton-proton collisions at
p


















[22] P.J. Fox, R. Harnik, J. Kopp and Y. Tsai, LEP Shines Light on Dark Matter, Phys. Rev. D
84 (2011) 014028 [arXiv:1103.0240] [INSPIRE].
[23] M. Beltran, D. Hooper, E.W. Kolb and Z.C. Krusberg, Deducing the nature of dark matter
from direct and indirect detection experiments in the absence of collider signatures of new
physics, Phys. Rev. D 80 (2009) 043509 [arXiv:0808.3384] [INSPIRE].
[24] Y. Bai, P.J. Fox and R. Harnik, The Tevatron at the Frontier of Dark Matter Direct
Detection, JHEP 12 (2010) 048 [arXiv:1005.3797] [INSPIRE].
[25] G. D'Ambrosio, G.F. Giudice, G. Isidori and A. Strumia, Minimal avor violation: An
Eective eld theory approach, Nucl. Phys. B 645 (2002) 155 [hep-ph/0207036] [INSPIRE].
[26] Y. Gershtein, F. Petriello, S. Quackenbush and K.M. Zurek, Discovering hidden sectors with
mono-photon Z 0 searches, Phys. Rev. D 78 (2008) 095002 [arXiv:0809.2849] [INSPIRE].
[27] S. Chang, R. Edezhath, J. Hutchinson and M. Luty, Eective WIMPs, Phys. Rev. D 89
(2014) 015011 [arXiv:1307.8120] [INSPIRE].
[28] H. An, L.-T. Wang and H. Zhang, Dark matter with t-channel mediator: a simple step
beyond contact interaction, Phys. Rev. D 89 (2014) 115014 [arXiv:1308.0592] [INSPIRE].
[29] Y. Bai and J. Berger, Fermion Portal Dark Matter, JHEP 11 (2013) 171 [arXiv:1308.0612]
[INSPIRE].
[30] A. DiFranzo, K.I. Nagao, A. Rajaraman and T.M.P. Tait, Simplied Models for Dark Matter
Interacting with Quarks, JHEP 11 (2013) 014 [Erratum ibid. 01 (2014) 162]
[arXiv:1308.2679] [INSPIRE].
[31] M.R. Buckley, D. Feld and D. Goncalves, Scalar Simplied Models for Dark Matter, Phys.
Rev. D 91 (2015) 015017 [arXiv:1410.6497] [INSPIRE].
[32] S. Baek, P. Ko, M. Park, W.-I. Park and C. Yu, Beyond the Dark matter eective eld theory
and a simplied model approach at colliders, Phys. Lett. B 756 (2016) 289
[arXiv:1506.06556] [INSPIRE].
[33] J. Abdallah et al., Simplied Models for Dark Matter Searches at the LHC, Phys. Dark Univ.
9{10 (2015) 8 [arXiv:1506.03116] [INSPIRE].
[34] D. Abercrombie et al., Dark Matter Benchmark Models for Early LHC Run-2 Searches:
Report of the ATLAS/CMS Dark Matter Forum, arXiv:1507.00966 [INSPIRE].
[35] R. Trotta, Bayes in the sky: Bayesian inference and model selection in cosmology, Contemp.
Phys. 49 (2008) 71 [arXiv:0803.4089] [INSPIRE].
[36] Planck collaboration, P.A.R. Ade et al., Planck 2013 results. XVI. Cosmological
parameters, Astron. Astrophys. 571 (2014) A16 [arXiv:1303.5076] [INSPIRE].
[37] LUX collaboration, D.S. Akerib et al., First results from the LUX dark matter experiment at
the Sanford Underground Research Facility, Phys. Rev. Lett. 112 (2014) 091303
[arXiv:1310.8214] [INSPIRE].
[38] C. Savage, A. Scadi, M. White and A.G. Williams, LUX likelihood and limits on
spin-independent and spin-dependent WIMP couplings with LUXCalc, Phys. Rev. D 92
(2015) 103519 [arXiv:1502.02667] [INSPIRE].
[39] QCDSF collaboration, G.S. Bali et al., Strangeness Contribution to the Proton Spin from
Lattice QCD, Phys. Rev. Lett. 108 (2012) 222001 [arXiv:1112.3354] [INSPIRE].
[40] P. Junnarkar and A. Walker-Loud, Scalar strange content of the nucleon from lattice QCD,

















[41] Planck collaboration, P.A.R. Ade et al., Planck 2015 results. XIII. Cosmological
parameters, arXiv:1502.01589 [INSPIRE].
[42] J.M. Cline and P. Scott, Dark Matter CMB Constraints and Likelihoods for Poor Particle
Physicists, JCAP 03 (2013) 044 [Erratum ibid. 05 (2013) E01] [arXiv:1301.5908] [INSPIRE].
[43] T.R. Slatyer, Indirect dark matter signatures in the cosmic dark ages. I. Generalizing the
bound on s-wave dark matter annihilation from Planck results, Phys. Rev. D 93 (2016)
023527 [arXiv:1506.03811] [INSPIRE].
[44] Fermi-LAT collaboration, M. Ackermann et al., Searching for Dark Matter Annihilation
from Milky Way Dwarf Spheroidal Galaxies with Six Years of Fermi Large Area Telescope
Data, Phys. Rev. Lett. 115 (2015) 231301 [arXiv:1503.02641] [INSPIRE].
[45] T. Daylan et al., The characterization of the gamma-ray signal from the central Milky Way:
A case for annihilating dark matter, Phys. Dark Univ. 12 (2016) 1 [arXiv:1402.6703]
[INSPIRE].
[46] Fermi-LAT collaboration, M. Ajello et al., Fermi-LAT Observations of High-Energy -Ray
Emission Toward the Galactic Center, Astrophys. J. 819 (2016) 44 [arXiv:1511.02938]
[INSPIRE].
[47] X. Huang, T. Enlin and M. Selig, Galactic dark matter search via phenomenological
astrophysics modeling, JCAP 04 (2016) 030 [arXiv:1511.02621] [INSPIRE].
[48] F. Calore, I. Cholis and C. Weniger, Background model systematics for the Fermi GeV
excess, JCAP 03 (2015) 038 [arXiv:1409.0042] [INSPIRE].
[49] A. Alloul, N.D. Christensen, C. Degrande, C. Duhr and B. Fuks, FeynRules 2.0 | A
complete toolbox for tree-level phenomenology, Comput. Phys. Commun. 185 (2014) 2250
[arXiv:1310.1921] [INSPIRE].
[50] G. Belanger, F. Boudjema, A. Pukhov and A. Semenov, MicrOMEGAs 2.0: A Program to
calculate the relic density of dark matter in a generic model, Comput. Phys. Commun. 176
(2007) 367 [hep-ph/0607059] [INSPIRE].
[51] M. Cirelli et al., PPPC 4 DM ID: A Poor Particle Physicist Cookbook for Dark Matter
Indirect Detection, JCAP 03 (2011) 051 [Erratum ibid. 10 (2012) E01] [arXiv:1012.4515]
[INSPIRE].
[52] P. Ciafaloni, D. Comelli, A. Riotto, F. Sala, A. Strumia and A. Urbano, Weak Corrections
are Relevant for Dark Matter Indirect Detection, JCAP 03 (2011) 019 [arXiv:1009.0224]
[INSPIRE].
[53] F. Feroz and M.P. Hobson, Multimodal nested sampling: an ecient and robust alternative
to MCMC methods for astronomical data analysis, Mon. Not. Roy. Astron. Soc. 384 (2008)
449 [arXiv:0704.3704] [INSPIRE].
[54] F. Feroz, M.P. Hobson and M. Bridges, MultiNest: an ecient and robust Bayesian inference
tool for cosmology and particle physics, Mon. Not. Roy. Astron. Soc. 398 (2009) 1601
[arXiv:0809.3437] [INSPIRE].
[55] K. Griest and D. Seckel, Three exceptions in the calculation of relic abundances, Phys. Rev.
D 43 (1991) 3191 [INSPIRE].
[56] R. Bartels, S. Krishnamurthy and C. Weniger, Strong support for the millisecond pulsar


















[57] Q. Yuan and B. Zhang, Millisecond pulsar interpretation of the galactic center gamma-ray
excess, J. High Energy Astrophys. 3{4 (2014) 1 [arXiv:1404.2318] [INSPIRE].
[58] K.N. Abazajian, N. Canac, S. Horiuchi and M. Kaplinghat, Astrophysical and Dark Matter
Interpretations of Extended Gamma-Ray Emission from the Galactic Center, Phys. Rev. D
90 (2014) 023526 [arXiv:1402.4090] [INSPIRE].
[59] C. Gordon and O. Macas, Dark Matter and Pulsar Model Constraints from Galactic Center
Fermi-LAT Gamma Ray Observations, Phys. Rev. D 88 (2013) 083521 [arXiv:1306.5725]
[INSPIRE].
[60] K.N. Abazajian, The Consistency of Fermi-LAT Observations of the Galactic Center with a
Millisecond Pulsar Population in the Central Stellar Cluster, JCAP 03 (2011) 010
[arXiv:1011.4275] [INSPIRE].
[61] S.K. Lee, M. Lisanti, B.R. Safdi, T.R. Slatyer and W. Xue, Evidence for Unresolved -Ray
Point Sources in the Inner Galaxy, Phys. Rev. Lett. 116 (2016) 051103 [arXiv:1506.05124]
[INSPIRE].
{ 20 {
